5500+°F
combustion gases are kept a safe distance away from the seals by thick layers of insulation. Special jointfill compounds arc used to fill the joints in the insulation to prevent a direct flowpath to the seals. On a number of occasions, NASA has observed in several of the rocket nozzle assembly joints hot gas penetration through defects in the joint-fill compound. show hot gas penetration through the joint fill compound.
The current nozzle-to-case joint design incorporates primary, secondary and wiper (innermost) ()-rings and polysulfidc joint-fill compound.
In the current design, I out of 7 motors experience hot gas to the wiper ()-ring.
Though the condition does not threaten motor safety, evidence of hot gas to the wiper O-ring results in extensive reviews belore resuming flight. NASA and solid rocket motor manufacturer Thiokol are working to improve the nozzle-to-case joint design by implementing a more reliable J-leg design and a thermal barrier, and eliminate the jointfill compound (Fig. I ). The J-leg is molded into the insulation and contacts the mating surface of the adjoining element. Rocket pressurization acts to further preload the J-leg increasing its effectiveness. The basic J-leg design has been applied successfully to fixing the field joints in the redesign el'fl+rt lollowing the Challenger accident. s
The thermal barrier, compressed between the J-leg and adjoining clement, is intended to resist any hot gases the J-leg does not block and prevent them from reaching the wiper ()-ring. The braided carbon thermal barrier being developed at NASA Glenn is the leading candidate based on the results presented herein.
The thermal barrier for the Shuttle solid rocket motor has unique requirements, including the following, amongst others:
I. Sustain extreme temperatures (2500 to 55(X)°F) during solid rocket motor burn (2 min and 4 see.) without loss of integrity. Subscale rocket "char" motor tests were performed to assess the thermal barrier's (Carbon-6) thermal response and heat resistance under actual rocket conditions.
Test Apparatus and Procedures
Thermal Barrier Specimens
Carbon-3 and Carbon-6 were subjected to burn, temperature drop, flow, and compression tests. was also tested in a subscale char motor. Limited testing was performed on the Carbon-4 design. Table I summarizes the relevant architecture parameters for the thermal barrier designs that were tested.
All thermal barriers wcrc composed ofa uniaxial corc of fibers overbraided with various numbers of sheath layers.
The Carbon-6 design had ten sheath layers and a 0.26-in.
diameter. Carbon-6 had good flexibility and compliance properties because it was braided with a more open architecture. The Carbon-3 design had a 0.20-in. diameter
and was made with a large degree of uniaxial core fibers overbraidcd with five sheath layers. Carbon-3 was a tight braid that was not as flexible as Carbon-6. Carbon-4 had 4.4×10 -4 in. (I I Jam) pitch-based Amoco P25 fibers in its core to evaluate core fiber diameter effects on performance, while the core fibers of all the other carbon thcrmal barriers were 2.76×10 -4 in. (6.9 Jam) PAN-based Grafil type 34-700 fibers. PAN-based Thornel T-300 carbon fibers with a 2.8× 10-4 in. (7 _m) diameter were used in the sheaths of all the thermal barrier designs.
Thermal Barrier Porosity Measurements
To assess thermal barrier porosity while under compression, samples of the Carbon-3 and Carbon-6 designs were examined in a compressed state using a photographic stereomicroscope.
Four !/2-in. long specimens of I'x)th types of thermal barriers were prepared and weighed using a precision electronic balance. The exact length of each specimen was measured using vernier calipers. Each specimen was then clamped between two steel plates and subjected to a 2()_: compression. While the specimens were compressed, a light layer of cyanoacrylic glue was applied to the surface of eachspecimen so thattheywouldmaintain their compressed shape upon removal fromthefixture. Fourspecimens wereexamined forbothCarbon-3 and Carbon-6. Both ends ofeach specimen were examined andphotographed atI0Xinthemicroscope sothat eight cross section photos were examined for both thermal barrier designs. Each cross section assumed an ellipsoidal shape in its compressed state. The dimensions of each ellipse were measured using vernier calipers. These dimensions were then used to calculate the cross sectional . area of both ends of each specimen. An average cross sectional area was calculated tor each specimen and multiplied by the specimen length to determine the specimen volume. Specimen density was then calculated by dividing the weight of the specimen by its volume. An average density at 20% compression was found for both
Carbon-3 and Carbon-6 by averaging the densities of the four specimens of each design. The porosity of each thermal barrier design at 20% compression was calculated using the following relationship: ',,,al Barrier/PCarbon Fiber) In this relationship, the density of each thermal barrier design was divided by the density of an individual carbon fiber (0.064 Ib/cu.in.). Thus, a thermal barrier design would have a porosity of zero if it had no gaps and assumed the density of an individual fiber.
Burn Tests
A screening test was developed to evaluate thermal barrier burn resistance under sire ulated rocket motor combustion temperatures (5500°F) by aiming a "neutral" flame 6 of an oxyacetylene welding torch at the center section of a 4-in. thermal barrier specimen. In these tests, the amount of time required to completely cut through the specimen was measured. Time for cut-through was measured from the instant the flame touched the specimen until the specimen was completely cut into two separate On the upstream side, the center Type B thermocouple was placed directly in line with the center of the hole in the iris plate so that it measured the hottest flame temperature at the surface of the thermal barrier. Type B thermocouplcs were then positioned I/4-in. on either side of the center thcrmocouple (Fig. 2) .
The remaining four thermocouplcs on the hot side were Type K thermocouples, and they wcrc placed 1/2 and I in. on either side of the center thermocouple.
Seven of the eight Type K thermocouples downstream of the thermal barrier were spaced so that they were directly in line with those upstream of the thermal barrier. The remaining For each test, a 5-in. thermal barrier specimen was prepared and installed into the groove in the fixture. The 14 thermocouples that measured the surface temperature along the specimen were slipped into the outer sheath layer of the thermal barrier and adjusted so that they were spaced properly. To prevent parasitic leakage, the plenum chamber ()-ring was then positioned so that it was snug against the ends of the thermal barrier. The vacuum pump was turned on for several minutes, to cause the pressure drop and to achieve a steady flow rate through the specimen before applying the torch. Multiple load cycles were applied to the specimen belore the preload data point was recorded to remove effects of the hysteresis and permanent set that accumulate with load cycling of the specimens. Most permanent set occurred within the first tbur load cycles. A pressure sensitive film mounted on the opposing plate was used to determine the contact width of the specimen as it was compressively loaded. The footprint length (nominal I in.) and width at the end of the fourth load cycle were used along with the measured load versus compression data to calculate the estimated prcload and residual interference corresponding to a given linear crush value. I Residual interference is defined as the distance the specimen will spring back while maintaining a load of at least I Ib/in. of specimen.
Compression tests were per|ormed on the Carbon-3
and Carbon-6 designs to determine the specimen preloads corresponding to the linear crushes used in the flow experiments. Tests were performed at compressions of 20, 25, and 30% of each specimen's overall diameter. Primary and repeat compression tests were performed. The hardware and procedure used to perform these tests are described in detail by Steinetz et al.I
Subscale Rocket "Char" Motor Tests
As part of the development process of the thermal barrier, Thiokol Corporation performed tests using a subscale (701 bm) rockct "char" motor. In these tests, the NASA Carbon-6 0.260-in. cross-sectional diameter thermal barrier impeded hot gas flow through an intentional circam ferential defect between rocket-case insulation blocks.
The thermal barrier compression was 20%. The insulation blocks were modi fled to accommodate a 5 1/8-in. diameter thermal barrier. The 0.060-in. defect was much larger than any defects that would normally lorm through the gap-fill material in the actual rocket nozzle joint, but this size was chosen to force gas flow through the thermal barrier under very extreme conditions. Burning solid rocket propellant, the rocket fired for I I sec. and generated 900 psi pressures and 5000°F (estimated) chamber temperatures. Table II lbr the Carbon-3 and Carbon-6 thermal barrier designs. A 20% compression level was chosen, as this is the compression level selected lbr the nozzle-to-case ,joint thermal barrier. The densities/porosities of braided structures arc important for understanding their thermal and flow response characteristics.
Carbon-3 had a higher density (0.041 Ib/cu.in.) and a lower porosity (0.37) than did Carbon-6 (0.032 Ib/cu.in. and 0.50, respectively).
This can be attributed to the differences in braid architecture between these two designs as shown in Table I . Carbon-3 had a core composed of ten uniaxial 12K yarns of Grafi134-700 carbon fibers-a large fraction of its cross-section, while Carbon-6 only had one 12K yarn in its core. Carbon-6 had ten sheath layers of braided carbon fibers, while Carbon-3 only had five layers.
Carbon-6 also had a lower sheath braid angle and fewer carriers per sheath layer to produce a softer, more flexible thermal barrier. Because the uniaxial fibers in the core pack together much better than the braided fibers that cross over each other in the sheath, the Carbon-3 design with a greater percentage of core fibers is naturally more dense and less porous. Steinetz and Dunlap 3 showed previously that the density of a braided carbon thermal barrier was inversely related to the number of sheath layers.
Burn Tcsl Results
The amount of time to burn through each type of thermal barrier is shown in Fig. 5 . In this figure, the number of specimens that were tested is given next to the name of each thermal barrier type, and the average burnthrough time is found above each bar. As shown previously by Stcinctz and Dunlap, 3 carbon fiber thermal barriers were the most burn-resistant. diameter designs at about 6-1/2 rain. This is more than three times the Shuttle solid rocket motor burn time of 2 min. 4 sec, However. an increase in diameter to 0.260 in.
did not produce an increase in burn time. Carbon-6 at 0.260 in. in diameter had a similar burn time to the 0.2(X)-in. diameter designs at about 6-1/2 rain. Like the other carbon thermal barriers. Carbon-6 was soft and flexible after removal from the flame, even in the area affected by the flame, with no evidence of charring or melting. All of the non-carbon specimens showed signs of charring or melting after removal from the flame, and many became very brittle in the area that was burned.
The similarity in burn time between Carbon-6 and thc smaller-diameter Carbon-3 and Carbon-4 thermal barriers is believed to be related to the difference in porosity between these designs. As shown in Table II , Carbon-6 is more porous than Carbon-3 even in a compressed state. Steinctz and Dunlap 3 theorized that the mass-loss mechanism during the oxyacetylene torch tests was carbon oxidation. Depending on material type, carbon fibers begin to oxidize at temperatures in the range of 6(X) to 900°F. 7"9 The oxyacetylene torch burning at 5500°F is hot enough to cause oxidation to occur, but too cool for carbon sublimation that occurs at 6900°F. 10 It is believed that the looser, more porous braid of Carbon-6 allowed more of the hot, oxidizing torch flame to pass through it.
This allowed oxidation to occur more rapidly in the innermost fibers of Carbon-6 than in the less porous
Carbon-3 design. Even though there were more carbon fibers in the larger Carbon-6 design, they were cut through more quickly because they were exposed sooner to hot, oxidizing gases. These results indicate that burn/oxidation resistance isdependent onboththermal barrier diameter andporosity. Products of combustion in thesolidrocket motor include liquidalumina (A1203 jand gaseous CO, CIO 2,CI, HCI.andH.,,none of whichareoxidative. Hence, it is believed thattheneutral flame inambient air(oxidizing) isaconservative (i.e., more aggressive) environment for performing material screening burntests. It isexpected that oxidation rates within thercx:ket environment willbe slower thanthose exhibited herein.
Temperature Drop Test Results
Temperature drop tests were performed on the Carbon-3 and Carbon-6 thermal barrier designs using the test fixture described that measured the temperature drop across and along the thermal barrier in a compressed state when subjected to the flame ol'an oxyacetylene torch. spatially to see if we were missing any local "'hot-streaks,'" and we did not find any. and cold (Tcokl) center thermocouples in contact with the surface of the specimens.
Jet Spreading.
The jet spreading capability of
Carbon-3 and Carbon-6 is also shown in Fig. 9 . Although the hot (3000+°F) torch was focused into a narrow (0.084-in. diam.) column, the thermal barrier spread the heat at least I in. on either side of the center thermocouples. After each exposure, the specimen was photographed (with fixture cover plate removed) to record any specimen damage before the next test was performed.
For reference, the Carbon-6 specimen was also exposed to a 20-sec. flame application before these endurance tests, and no damage was observed. atures. For all four tests, the highest bulk temperature after 15 sec. was 230°F. This is well below Viton's short term maximum operating temperature limit of 600°F. l I Even the maximum bulk temperature of 500°F recorded after 60 sec. of flame exposure was within the limit. Figure IO(a) shows the hot side of the Carbon-3 specimen after all four flame exposures. No damage can be seen after the first three tests with little if any damage evident alter the final test. As shown in Table lit The endurance tests performed on Carbon-6 revealed results slightly different than tor Carbon-3. After 15 see.,
the maximum temperature ranged from 2520 to 2730°F with temperature drops (Thot-Tbulk) that ranged from 2240 to 2560°F. The maximum bulk temperature after 15 see.
was 280°F, slightly higher than that for Carbon-3 but still well below the Viton ()-ring temperature limit. The
Carbon-6 series revealed a slightly higher maximum overall bulk temperature of 620°F that occurred in the final test after a 60-see. flame exposure. This temperature is about the maximum that the ()-rings can withstand for a short period of time, but as mentioned previously, the thermal barrier should not experience such a long flame exposure in the rocket. For both series of tests, the flow through the specimen was almost identical from test to test. Flow rates through Carbon-6 were higher than those through Carbon-3 as is expected since Carbon-6 is more porous than Carbon-3 (Table I1 ).
Flow Test Results
Flow rates (measured using the piston flow rig, Fig. 3 Figure 11 shows that the flow rates for Carbon-6 were higher than those for Carbon-3 and Carbon-4 at 60 psid at each temperature and compression level. Carbon-6 flow rates were 2. I to 2.9 times higher than Carbon-3 flow rates and 1.7 to 2.3 times higher than
Carbon-4 flow rates at comparable temperatures and compression levels. This difference is due to differences in braid architecture between these thermal barrier designs.
The difference in flow rates between Carbon-3 and Carbon-4 was attributed to Carbon-4 incorporating larger core fibers resulting in higher seal porosity than Carbon-3. 3 Carbon-6 incorporating multiple sheath layers hasa higher porosity thanCarbon-3 (Table 1I) In each test, the footprint pattern left on the pressure sensitive film after a compression cycle was solid and continuous. This indicates that during a flow test continuous contact is made between the walls of the flow fixture and the thermal barrier, minimizing leakage past the specimen.
The contact width at each compression level for Carbon-6 was over twice as large as it was for Carbon-3 even though the diameter of Carbon-6 was only 1.3 times larger than tor Carbon-3. This shows that Carbon-6 had a softer, more compressible braid architecture than Carbon-3 allowing Carbon-6 to spread out more as it was compressed.
Preload. The amount of preload or footprint contact pressure increased with the amount of linear crush. However, Carbon-6 had preloads that were 1/6th to 1/9th those ft_r Carbon-3 at each compression level. As a result,
Carbon-6 will cause lighter loads on the adjoining rubber J-leg element. The reason for this difference in preload is believed to be related to the architectures of these thermal barrier designs (Table I ). In Carbon-3 having a tightly packed core of uniaxial fibers, there is little room lor individual fibers to move with respect to one another when they are compressed. In contrast, in Carbon-6 the sheath fibers are oriented at an angle with each other and arc better able to slide past each other when the thermal barrier is compressed. Residual Interference. As with the contact width and preload, thermal barrier residual interference or spring back also increased as percent linear crush increased.
Although contact width and preload were quite different for Carbon-6 and Carbon-3, residual interference scaled with diameter lor these two designs. Increasing thermal barrier diameter by a factor of 1.3 from 0.200 to 0.260 in.
resulted in an increase in residual interference by that ratio for each level of compression.
Residual interference for
Carbon-6 was 0.025 in. even for the lowest compression (20%.) and meets the design requirement to Iollow nozzlc joint movement during Shuttle solid rocket motor operati on, as discussed with rocket manufacturer Thiokol.
Comparison of Carbon-3 and Carbon-6: Other Factors
Carbon-3 and Carbon-6 both performed well in thc temperature drop comparison tests. Carbon-3 did offer somewhat greater insulating effects than Carbon-6 and showed less recession than Carbon-6. We believe the higher density of Carbon-3 is an important reason for these results. However, there are many other factors to consider when deciding between these two braid architectures. Carbon-6 is braided using larger tows or yarns that permits faster and therefore most cost-effective production. Carbon-6 is a more flexible braid that makes it easier to spool for shipment and more accommodating during installation. The current tests combined with other planned rocket motor and joint-simulation tests will enable Thiokol and NASA to decide on the optimal braid architecture tot the thermal barrier.
Results of Thiokol Char Motor Tests on Carbon Thermal Barrier
Thiokol tested a 0.260-in. diameter Carbon-6 thermal barrier for NASA in a subscale rocket motor to verify that it would withstand the Shuttle solid rocket motor environment. The subscale motor, or "char" motor, simulates the thermal conditions of the full-scale motor by burning solid rocket propellant at corresponding chamber pressure and temperature conditions. The thermal barrier was placed into an intentional gap defect between the phenolic insulation blocks, as shown in Fig. 12(a) . The fixture used to perform the temperature drop tests on the Carbon-3 and Carbon-6 thermal barriers was modelled after the char motor and the shuttle nozzle-tocase joint thermal conditions. The fixture was made out of phenolic material to simulate the material and boundary conditions that the thermal barrier would be exposed to in these other configurations.
The thermal barrier specimens were subjected to 209b compression as they were in the char motor test and as planned for the rocket. The flame of the oxyacetylene torch that was used for the temperature drop tests was directed through a 0.084-in. diameter hole in an iris plate to simulate a hot gas jet that the barrier could be exposed to in the rocket. Flame exposure times were intentionally longer than they would be in the rocket application to simulate extreme heating conditions. Considering the results of Subscale rocket "'char" motor tests were performed in which hot combustion gases were directed at the Carbon-6 thermal barrier to assess its thermal resistance in a rocket environment.
The current tests combined with other planned rocket motor and joint simulation tests will enable Thiokol and NASA to decide on the optimal braid architecture for the thermal barrier.
Based on the results of the current tests, the following conclusions are made:
I. The and thermal barrier resisted the 5500°F flame of an oxyacetylene torch for over 6 min before burn through, greater than three times the Shuttle solid rocket motor burn time.
2. Carbon-3 and Carbon-6 thermal barriers were excellent insulators causing temperature drops through their diameter from 25(X) to 2800°F, depending on test parameters.
Gas temperature I/4" downstream of the thermal barrier were within the downstream Viton ()-ring temperature limit of <600°F.
3. The Carbon-6 thermal barrier design performed extremely well in subscale rocket "char" motor tests that subjected it to hot gas at 3200°F for an I I-see. rocket firing, 
